Particle filtration occurs whenever particles flow through porous media such as membrane. Progressive capture or deposition of particles inside porous structure often leads to complete, and generally unwanted, fouling of the pores. Previously there has been no experimental work that has determined the particle dynamics of such a process at the pore level, since imaging the particles individually within the pores remains a challenge. Here, we overcome this issue by flowing fluorescently dyed particles through a model membrane, a microfluidic filter, imaged by a confocal microscope. This setup allows us to determine the temporal evolution of pore fouling at the particle level, from the first captured particle up to complete blocking of the pore. We show that from the very beginning of pore fouling the immobile particles inside the pore significantly participate in the capture of other flowing particles. For the first time it is determined how particles deposit inside the pore and form aggregates that eventually merge and block the pore.
Introduction
Fouling by colloidal particles remains a major issue in many industrial processes including particle synthesis and solid handling in microreactors, membrane filtration, and liquid chromatography, often leading to complete stoppage of the process [1] . Even though this clogging issue is specific to each application, some generic features have been identified thanks to the use of microfluidic technology coupled with various imaging techniques such as confocal microscopy [2] [3] [4] [5] [6] [7] . This technology enables the design of microdevices with complex geometries [8] that mimic industrial processes, in particular membrane filtration, and inside these devices we can follow the capture or deposition of colloidal particles over time, at the pore scale level, using diverse microscopy techniques. The main parameters that control the fouling behavior at the pore level have been isolated and studied over the last decade thanks to the microfluidic approach. Studies have determined the influence of pore geometry (width, shape, length, varying or fixed cross section) [3, 5, [9] [10] [11] , the confinement, i.e. the ratio between the particle radii and the smallest dimension of the pore [4, 5, 10] , the polydispersity of the colloidal suspensions [12, 13] , the stability of the suspension with respect to the DLVO interaction potentials, between particles and the pore walls and between particles themselves [3] [4] [5] [14] [15] [16] , and the deformability of the particles [6] .
Despite these efforts to visualize the fouling process inside model membranes, the dynamics inside a pore at the particle level remain completely unexplored. Almost all the work that has used either microfluidic setups or various kinds of membranes or microsieves only focus on pores that are already partially or completely clogged, thereby ignoring the particle deposition history [3, 6, [17] [18] [19] [20] .
In more complex situations where solids are continuously formed inside a tube, due to a chemical reaction, several studies have provided some information on aggregate growth that ends up blocking the pore [21] [22] [23] . In particular, Sicignano et al. [22] have shown that the shape of solid aggregates of potassium bromide that deposit on the pore walls of the reactor during a chemical reaction strongly depends on the flow conditions. At low flow rates the aggregates formed are rather fractal while at higher flow rates they are more compact. These aggregate morphologies and porosities have a direct impact on the clogging properties. However, even though the authors provide confocal images of the clog, its local structure (particle coordination number, local porosity) remains completely undetermined.
In most cases, fouling dynamics remain accessible almost only by the macroscopic measurement of pressure or flux decline as particles get captured inside the pores or on top of membranes. In a more local investigation, Warkiani et al. provided images of the progressive fouling of a given zone of a membrane [18] . However these images do not allow us to quantify important features of membrane fouling such as the rate of particle deposition over time or the degree of fouling, i.e., the remaining pore space, which would shed a structural light on the local hydrodynamics. Up to now, the critical number of particles required to clog a pore for a given set of suspension (e.g., DLVO parameters) and membrane (e.g., geometry) properties remains unknown. In a recent publication [8] , we have considered the clogging dynamics at the particle level for various flow conditions in very confined situations where the pore height H is only slightly larger than the particle diameter D (1.2 < H/D < 1.75), the pore width being very large compared to its height (W/H > 20). In such a slotted pore geometry we showed that there are two regimes of fouling. At low flow rates pore clogging is only due to the particle capture by the pore walls at the very entrance of the pore. At higher flow rates a few isolated particles are also captured within the pore. Hydrodynamic interactions between these immobile particles and those flowing are now mainly responsible for the subsequent particle deposition on the pore walls. This particular capture mechanism leads to the growth of bi-dimensional aggregates that quickly obstruct the pore.
In the present study we would like to investigate the clogging dynamics, still at the particle level, to thicker pores featuring a nearly square cross section (height H = 3D and width W = 4D). In such conditions the pore cannot be clogged only by particle deposition on the pore walls. There must be particle capture on top of a first layer of particles that is already in contact with the pore walls to block the pore. In the first section of this manuscript we examine fouling at the pore level for various conditions (hydrodynamics, confinement and physicalchemistry). Thereafter we examine fouling at the pore level from the first captured particle up to the complete blocking of the pore. Confocal microscopy gives us access to the position of the individual particles inside the pore as they get captured, allowing us to determine the particle deposition curve throughout the fouling process. We thus characterize, in a second section, all the capture mechanisms that lead to pore fouling, which includes direct capture by the pore, indirect capture due to particle-particle hydrodynamic interactions, and bulk deposition on top of other immobile particles. Thereafter, we determine how aggregates grow within the pore and eventually block it, and finally we discuss our results in a broader perspective.
Experimental

Colloidal particles and microfluidic setup
We have synthesized 4.1 µm diameter PMMA (polymethylmetacrylate) particles following the method developed by Shen et al. [24] . These particles are monodisperse (CV = 2.5%) and are dyed with NBD (4 chloro-7-nitrobenz-2 oxa-1,3 diazole) which is excited at 488 nm and has a maximum in emission at 525 nm. Polyvinylpyrrolidone (PVP) chains that bear negative charges stabilize them against aggregation in aqueous suspension. The resulting zeta potential and the Critical Coagulation Concentration (CCC) are equal to −70 mV and 0.35 M respectively.
For each experiment we pipette a few tens of microliters of the mother PMMA suspension (10% by weight in Millipore water) and add it to a suspending liquid composed of water (33% by weight), urea (37%) and glycerol (30%) to get very dilute suspensions (particle volume fraction in the order of 10 -5 ). This composition was chosen to minimize both the density and refractive index mismatches between the particles and the suspending liquid. The final suspension is shaken by hands and sonicated for half an hour to break the residual colloidal aggregates. In our experiments we flow these dilute suspensions through a microfluidic device that acts as a particle filter (Fig. 1A) . The filter part consists of a series of parallel pores of width W = 16 µm, corresponding to 4D, D being the particle diameter (Fig. 1B) . Upstream of each pore there is a reservoir zone, which is three times wider than the pore. Experiments are stopped before these reservoir zones get full of particles to ensure that there is no cross-talk between adjacent pores and that the variation of the flux within a given pore is only due to the particle deposited inside this pore. Therefore this local flux decline in each pore is not influenced by the progressive or complete clogging of its neighbors [4] . The microfluidic device is made of PDMS (polydimethylsiloxane) following the standard soft lithography protocol [25] . We made the device using a negative photoresist (SU8 2010) with a height H of 12 µm corresponding to three particle diameters. PDMS is then poured on the photoresist, cured, punched to create the inlet and outlet, and sealed onto a PDMS coated glass cover slip which enables imaging inside the pore with an X63 oil immersion objective. Flow through the microchannel is imposed at constant pressure gradient across the microchannel, thanks to precise pressure controllers (Elveflow MK2 or Fluigent MFCS). Colloidal particles first flow in the main channel and then in one of the parallel pores ( Fig. 1A-C) . The flow condition within each pore are thus kept constant, by applying a pressure drop ΔP = 30 mbar, within the pressure range in which the number of particles that have to flow through the pore prior to clogging is fixed [5] . Actually the experiment is stopped when five pores are clogged, which leads to a small variation of the total flow rate (Q final = 0.8Q, with Q the total flow rate at the beginning of the experiment). During a typical experiment, we study the progressive clogging of nine parallel pores. The Re number is always smaller than 10 -4 and the Pe number is between 10 and 100. We worked with an isodense suspension, i.e. the density of the liquid and the colloidal particles are the same. In summary, the effects of inertia, Brownian diffusion, and sedimentation can be neglected.
Image acquisition and analysis
We used a confocal microscope (VT-Infinity III, Visitech) to image the particles within the pore. During this process we perform a z-stack along the pore height which is composed of 40 positions taken every 0.5 µm with a piezometer z-stage. This z-stack for each pore is performed in 2 s. In this way we get 8 xy plans or section per particles. These conditions are sufficient to determine precisely the particle center and to achieve a reliable identification of the particles we used the algorithm developed by Crocker and Grier [26] .
This algorithm uses the fact that particles are spheres to find their centroid coordinates and identifies the local maxima in the intensity profile of each particle. We will first describe this method applied to a 2 dimensional image and then generalized to a 3 dimensional confocal stack of images. The calculation of the image of a spherical colloid, i.e. its intensity profile, given by fluorescence or confocal microscopy, is still a real theoretical challenge, but it can be roughly thought as a Gaussian surface of revolution as suggested by Crocker and Grier [26] . We assume that the ideal image of a particle is thus a Gaussian blob. The real image obtained with a microscope is naturally not this ideal image and it suffers from inherent noise and distortions primarily coming from the camera and also, to a lesser extent the optics of the microscope ( Fig. 2A) . The first step in the analysis used to identify the center of the particles is to clean the image. Applying a spatial bandpass filter smooths the image and subtracts the background. Uneven illumination and non-uniformity among the camera's pixels often causes contrast gradients in the image and long wavelength modulation in the background brightness.
For typical images of a suspension of colloidal particles, which are not too concentrated, i.e., particles are well separated from each other, the background can be determined simply by averaging the intensity over a region defined as larger than twice the radius of a single sphere but smaller than inter-sphere separation. A background image can be then obtained by a convolution of a boxcar average over the defined region. Short wavelength modulations are due to the noise created by the camera. Such noise is purely random and has a short correlation length of about a pixel. A convolution of the image with a Gaussian surface of revolution of half width 1/2 pixel (Gaussian blurring) allows to get rid of this noise. We apply both these convolutions to the images to perform the band-pass filtering. The difference between the noisereduced and background images gives us an image close to the ideal Gaussian one. After this filtering, each particle should become a single rounded peak, the local maximum corresponding to the center of the particle. Fig. 2B and C shows the effect of the band-pass filtering and the corresponding intensity profile for an assembly of particles.
Once the image is filtered, the next step is to extract the possible particle positions. Assuming that the image of a particle has a maximum intensity at its center, we identify candidate particle locations as the local brightness maxima within the image. We search the pixels that have no brighter neighbors at a distance corresponding to one particle diameter. This step provides an estimate of the particle location with nearest pixel accuracy. Another refinement is necessary to obtain a sub-pixel accuracy. To do so we use the fact that our colloidal particles have a spherical shape, regardless of the fluorescence intensity profile. We can thus use this symmetry to refine the position of the particle using a brightnessweighted centroid. Identifying the center of mass of the intensity profile of the pixel surrounding the possible center results in a precision in location around 30-40 nm in the image plane.
We can also retrieve the three dimensional coordinates in a confocal z-stack. A z-stacks consists in imaging the sample at different focal planes, as typically illustrated in Fig. 3 . On each image of the z-stack, we perform the 2d tracking algorithm and while looping over the particles we calculate centroid refinements, the moments m 0 and m 2 of each candidate image's brightness. In a given frame of the z-stack, particles form a roughly elliptical cluster in the (m 0 ,m 2 ) plane. For each particle, we collect the probability distribution??(????P zi |m 0 ,m 2 ) for the center of a particle to be within????dz of????zi given its moments m 0 and m 2 . Summing this probability function for each frame in the zstack allows an estimation of the particle's vertical position (Fig. 3 , bottom right corner). This method finds the z coordinate of the particle with an error that is ten times larger than the location of the particle center in the x-y plane.
Centroid refinement is the most widely used refinement technique for particle location determination. However, even though it is successful in most scenarios, the precision of particle center location is not optimal and in particular this is the case for, particles whose size is close to the resolution of the imaging apparatus such as for micron sized colloids. There are also problems when particles are close together so that their particle spread functions overlap. Since in this article we work with particles that are in contact within a clog, we need to use another refinement method to overcome the issues of the centroid method. We choose the Sphere Spread Function (SSF) refinement method developed by Jenkins and Egelhaaf [27] . The image of a colloidal particle given by the microscope is the convolution of the sphere response to the illumination light (or emission for fluorescent particles) with the microscope's point spread function, and the resulting pattern is called the sphere spread function (SSF) as defined by Jenkins and Egelhaaf [27] . Like the centroid method, the SSF refinement relies on a priori knowledge of the SSF. When imaging immobile or slowly moving particles (which is our case) we can reconstruct an experimental SSF by averaging over the image of each particle. This experimental SSF allows us to account properly for experiment dependent imperfections such as index mismatch. After determining the experimental SSF, we can refine the particle position by searching for the location that best matches the SSF within a window around its original coordinates. We compare every pixel value in the SSF to every value in the image window to form a chi-square hypersurface. This?? 2 This χ 2 presents a minimum at the particle's location that can be found with sub-pixel accuracy by determining the minimum in the three directions and interpolating for a large number of points lying within half a pixel around the minimum of?? 2 of χ 2 . We used this method to locate immobile particles, captured inside the pore. The determination at the particle level of the features of the progressive fouling also requires some specific conditions with respect to the difference of refractive index of the particles with that of the suspending liquid. If this difference is too large, typically higher than 0.1-0.2, we cannot image properly more than one layer of particles inside the pore. This was the case when we studied pore clogging with polystyrene particles dispersed in water within microchannels [5, 28] . Indeed, for such a difference there is multiple light scattering from the first monolayer of particles on the bottom horizontal part of the pore, which is in contact with the coated cover slip. This light scattering prevents the visualization of the particles located above this monolayer and even with a confocal microscope these particles remain fuzzy and no qualitative analysis of their position is possible.
Here we work with a suspending liquid that has a refractive index of 1.42. In this case the difference between the refractive index of the particles (1.48) and that of the suspending liquid is equal to 0.06, which allows us to image perfectly all the particles layers across the pore height (Fig. 4) . From the images we can thus reconstruct the structure of the deposit, starting from the first particles captured by the pore wall ( Fig. 4A ) up to complete blocking (Fig. 4D) .
The number of particles that flow through a pore over time can be adjusted through the volume fraction of the suspension. We choose it in a way that, on average, about one particle deposits in each pore every 30 s, a rate sufficiently slow to allow us imaging several pores in parallel yet still recording about all particle capture events. Since we have no image acquisition rate limitations we could have monitored the clogging process for only one pore per microfluidic device at a time and then repeat this for another pore. However we faced two issues in doing this. Firstly we would have to decide which pore to follow and this could have been one of the last pores of the microfluidic device to be clogged. In this circumstance the clogging dynamics could be a bit slower and the structuration of the deposit may also be different, due to the change of the average flow rate inside the device. Secondly, even though the suspension is rather monodisperse, there are always big particles within it in a minute concentration. We often observed a few depositions of 4 µm particles inside the pore and then 8-14 µm ones appear that block its entrance. Since our aim is to study pore clogging by aggregation and not by sieving, we try to avoid this situation. We then decided to image several pores at the same time and choose at the end of the experiment those which were clogged first and also did not contain any big particles. The location of the center of the 4th particle along the z direction corresponds to the z-plane obtained in image 16. The black cross within this particle in the bottom right corner image correspond to the position of the center of the 4th particle in the x-y plane. The white scale bar corresponds to 16 µm.
Results
Clogging at the pore scale: influence of the flow conditions and the ionic strength
In a previous study we determined the clogging mechanisms of single and squared cross section pores by polystyrene (PS) particles (diameter between 1 and 10 µm) [5] . We performed systematic experiments using several degrees of confinement (ratio of the pore width W over the particle diameter D), between 1.5 and 10, and under different flow conditions. We also work with isodense suspensions where the density of the fluid and the particles are the same, by using mixture of water and heavy water. We defined the average clogging dynamics with the help of the variable N*, which is the total number of particles that had flowed through the pore prior clogging. We also determined the length of the clog from the pore entrance L clog . Since in this study we use a different type of particle, these made of PMMA, we have performed systematic experiments at the pore scale to determine the evolution of N* and L clog under various flow conditions, degrees of confinement (W/D =3.5, 4.5 and 6) and with two ionic strengths. We have provided additional experiments for PS particle with a high ionic strength of 0.05 M that is just below the Critical Coagulation Concentration (CCC = 0.07 M).
Whatever the type of particles, PS or PMMA, we found the same behavior, i.e., there are three clogging regimes depending on the flow conditions ( Fig. 5 ) [5] . In the first regime, N* and L clog remain constant over a decade in pressure. It is worth noting that the values of L clog do (almost) not depend on the ionic strength for a given ratio W/D. L clog is around 1.4 W for the PS particles, and close to 2.6 W for the PMMA ones ( Fig. 5a-b) . In contrast, we found that the value of N* strongly depends on the ionic strength I. Adding salt to the suspension indeed screens the electrostatic interactions, which essentially leads to a faster clogging dynamics, keeping almost the same geometrical features of the clog in both regimes. For PMMA colloids, when I rises from 0.05 up to 0.15 M there is a decrease of N* by a factor of 2.5 ( Fig. 5d) . Besides, note that the value of N* is roughly three orders of magnitude higher for PMMA than for PS ( Fig. 5c-d) . The capture probability of PMMA particles is then considerably lower than that of the PS ones. This is directly related to the difference in surface charge between the two types of particle. In addition, since the PMMA particles have a lower adhesion on the PDMS walls than the PS ones, the first clogging regime occurs over a much shorter range of pressure for the PMMA particles, i.e., lower applied pressure is needed to detach particles from the pore walls [5] . In the second regime, observed at higher pressures, L clog starts to rise up and declines progressively toward a value smaller than that of the first regime. At the same time, N* also increases with the pressure, and levels off thereafter for all the suspensions, at a value higher than in the previous regime. In this regime the flow is able to detach particles from pore walls, especially where the intensity of the flow in the strongest. Finally, for the highest pressures, in a third regime, pores are not clogged anymore even though there are some particles deposited on the pore surface. The shear flow is so strong near the pore surface that it erodes instantaneously the particles which may stick onto this first layer of particles.
The influence of three coupled phenomena is responsible for the variation of N* and L clog in the first two regimes. To begin with, the shadow effect could explain the first increase of L clog . Indeed, the size of the excluded zone of capture, just upstream of a deposited particle increases with the average flow rate (the applied pressure). Moreover this blocked area is not symmetric with respect to the direction of flow. The blocked area is larger downstream of the particle than upstream [29, 30] . Therefore, the distance between particles within the first layer is greater which might result in a broadening of L clog . Secondly, we observed that the number of particles deposited on the pore surface decreases as the pressure increases in the second regime. This reduces the probability of capture upon the first layer, implying an increase of N* as observed. Finally, we have observed that PMMA particles can move slowly (in the order of 0.1 µm/s) after they are captured on the pore surface. The shear flow induces this rolling motion of the particles because the attractive part of the particle wall potential is shallow for this type of particles. This tendency is enhanced as the pressure and the ionic strength increase. We expect that the same effect occur for the PS as well, but in a lesser extent. We indeed observed particles motion with a high speed camera but we do not have enough statistics to get an average velocity out of it.
In the following we focus on the first regime in which N* and L clog remain constant with the applied pressure. A typical progressive fouling of a pore by PMMA particles in bright field microscopy is shown in Fig. 6 . The particles first deposit on the lateral pore walls (image a) and then get captured on the bottom and the top walls (image b-c). Right from the beginning of the experiment new captured particles get deposited near immobile one (image a and b). However, isolated particles may deposit further downstream inside the pore due either to the presence of dust (rectangles in image b) or an imperfection of the pore wall (rectangles in image c). Aggregates grow up at these places (rectangle in image f) until the end of the clogging process, independently of the main clog that develops at the pore entrance. From the bright field images for all the degrees of confinement we can observe the same trend: the growth of few aggregates is responsible of the pore clogging, at least at the beginning of the experiments. However quite rapidly we cannot quantify this growth since we are unable to distinguish individual particles on the images. Thereafter we focus on the degree of confinement W/D~3.5 since under these conditions we can determine with a high accuracy the position of the particles within the pore by using the confocal microscope. We choose a pressure of 30 mbar, a value which is well below the pressure needed to detach particles from the wall. In such conditions the dynamics of pore clogging at the particle level is not identical to that observed in our previous paper where the confinement was quite high (1.2 < H/D < 1.75) [10] . The shape of the pore is not the same as well: a nearly square cross section pore is used in this work while a slit pore with a width much greater than its height was used in the former publication [10] . The capture mechanism of the particles by the pore walls, thereafter called direct capture, are obviously the same in both works. However, the other particle capture mechanisms are different. In the more confined situation a flowing particle get captured thanks to an immobile one through a sieving process where the particle is trapped between an immobile particle and one of the two horizontal pore walls (cf. Fig. 8 of [10] ). In the present study, sieving by deposited particles is effective only at the very end of the clogging process. Here we show that the first particles deposited in the square pore also greatly help flowing particles to be captured, but following a different capture mechanisms to the sieving case. In addition the growth rate, the way aggregates spread inside the pore, and the stability of the particles attached to the pore walls are completely different in both works as we will see hereafter.
3.2. Building up of a clog: from the pore to the particle scale
We present in Fig. 7 the progressive building-up of a clog at the particle level, corresponding to the particle deposition curve of Fig. 8A . Particles first deposit at the pore entrance, mostly close to the corners (images 1-3). The capture of these particles is due to a physical interception of the particles by the pore surface as they enter into the pore [8] . Particles come close enough to the pore surface and fall into the attractive part of the interaction potential (DVLO) between the particle and the pore surface. In this example several particles then get captured further downstream within the pore (images 4-9). This later type of deposition results from either the presence of an impurity at the surface of the pore or a local imperfection of the pore surface (i.e. a bump or a valley coming from the fabrication of the microchannels), as shown in Fig. 6 , that facilitates particle capture. Note that we have only observed a couple of these 'fortuitous' particle depositions in all our experiments. Due to their rareness we were not able to characterize them properly but we assume that they have a limited influence on the overall fouling process, especially when these defects are far from the pore entrance. From N = 9500 (image 7), particles start to be captured by other individuals, i.e., the deposition involves interparticle interaction rather than only particle-surface ones (yellow arrow in image 8). Thereafter few particles deposit on the second layer, i.e., on top of others while most of them still accumulate directly on the pore surface, especially on (Top) 3d images depicting the building-up of the clog. The blue plane represents the cross section at the entrance, and the grey ones the four pore walls. The blue arrow points to the flow direction. The red particles are the freshly captured ones. Particles are depicted according to a blue-green color gradient representative of their vertical position (dark blue: particle on the floor; green: particle on the roof). The projected view, perpendicular to the flow directions helps visualizing the progressive inward fouling. In image 7 the yellow arrow points towards the first particle that gets captured in bulk by immobile particles and not by the surface of the pore. (Bottom) Various 3D views of the clogs obtained at the end of the fouling process for the four trials. The views in top left corner corresponds to the final structure of the clog formation shown in the top part (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). the bottom part of the pore (image 8 and 9). Finally, the pore gets completely clogged at its entrance. At this location the size of the remaining part of the pore is smaller than a particle size and then particles coming towards the pore entrance just pile up and form a cake in the reservoir zone upstream of the pore.
We also determined the clogging dynamics at the pore scale with the help of deposition curves. Fig. 8 reports the evolution of the number of particles deposited inside the pore as a function of the number of particles that have flowed through the pore N for several pores. The respective clog structures at the end of the fouling process are given in the bottom part of Fig. 7 . In all cases we clearly see that the clogging dynamics can be decomposed into two steps. The number of particles deposited first increases slowly. In this step, a monolayer of particles is formed on all pore walls. Thereafter, the second step starts with the capture of a particle by another that has already been deposited. This feature is quite robust and thus observed in the three other examples (Fig. 8B to D) . During this second step particles can either participate in the formation of the second layer or keep depositing directly on the pore wall, ending up by completely blocking the pore. The average deposition rate is faster than in the first step. From all curves we clearly see that the number of particles involved in each deposition step are not the same. This variability is inherent to the particle deposition process and the way successive particle capture occurs. Indeed, although the particle capture may result from universal mechanisms, particles are not captured at the same location in each pore. For instance, at the very beginning of the clogging process, the first deposition events often occur in the corners (Fig. 9) . However the positions of those particles from the pore entrance are well distributed and can spread over a distance of up to 4.5 particle diameters (Fig. 9D ). These differences in the particle capture location will in turn affect the subsequent particles deposition in a different way. Indeed, looking at the final structure of each clog (Fig. 7, bottom) , we observe that there are more particles involved in the fouling process when the particle monolayer deposited on the pore walls extends further downstream from the pore entrance. The variability in particle capture scenarios therefore likely explains the variability in the dynamics observed for the different pores in Fig. 7 .
The number of deposited particles inside the pore varies roughly linearly with N during both the first and second steps, giving a constant rate of particle deposition for each step, i.e., the corresponding mean probability of particle deposition. This probability is between 2.2 × 10 -3 and 6.8 × 10 -3 in the first step (green dashed line) while it is between 1.4 × 10 -2 and 4.8 × 10 -2 in the second (red dashed line), thus seven times greater in the second step. Again the variation of the slopes from one pore to another in each step is due to the different spatial position of the particles inside each pore. There are rising-up parts followed by inactivity periods, during which no particle get captured. More rarely we observed single particle detachment events.
Mechanisms of particle capture A-Direct capture
The first deposition mechanism that shows up at the very beginning of pore clogging is the physical interception of particles by the pore walls which we call here "direct capture" as in Ref. [10] . Such direct capture events can be observed in images 1 and 2 in Fig. 7 . This deposition mode relies only on particle capture by the pore surface and thus there is no influence of the particles already deposited within the pore. In our experiments we suppose that there is a direct capture of a particle when it deposits at a distance greater than 1.5D, surface to surface, from an immobile particle already inside the pore. Indeed once a particle gets immobilized it modifies the flow around it over a distance we estimate to be around 1.5D from its surface [31] . However here we do not provide any hydrodynamic treatment of the clogging process but instead we give simple rules for the building up of a clog (Fig. 10) .
Confocal imaging allows us to determine precisely the distance from the pore entrance, L, at which the first particles get captured directly by the pore wall, and on which wall(s) the particle sticks to (Fig. 9A) . Most particles get captured at the beginning of the flat part of the pore entrance, just after the curved lip (Fig. 1C) , at a distance smaller than one particle diameter (peak in Fig. 9C ). However, we observed that particles The green and red dashed lines correspond to linear fits of the data in the first and the second step, respectively. Different views of the clog structure at the end of each of these experiments are provided in Fig. 7 (bottom part). In the two Figs. 7 and 8 the same label corresponds to the same experiment (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
can deposit further downstream inside the pore with the capture zone spreading over a distance equal to 4.5D from the pore entrance (Fig. 9C ). The mean deposition length for direct capture, L, is quantitatively comparable to that we have found in a quasi-2d case [10] . However, the distinctive cross-sectional geometry leads to a different deposition pattern. Deposition events in the direct capture mode are unevenly distributed between corners, side and horizontal walls (Fig. 9A) . The vast majority of the particles are stuck in the corners (Fig. 9A-B) . Only a few particles are captured by one of the side walls and almost no particle deposition occurs on the bottom and top walls. This particular spatial arrangement of the particles is due to the pore geometry, to the asymmetry between horizontal and vertical walls. Indeed, lateral sides of the channel present a curved configuration between the reservoir and the pore entrance, while the top and the bottom horizontal ones are flat. Since a local curvature is needed to bend the streamlines, the direct particle capture by physical interception thus expectedly takes place predominantly on lateral walls compared to horizontal walls [4, 5, 10] . In addition, corners are also particular places with respect to local hydrodynamics, as the flow is much slower, and to particle adhesion, twice as strong in the corners than on a single wall due to the bonding on two pore surfaces instead of one. The probability related to this direct capture mechanism irrespective of the position inside the pore is around 10 -3 .
B-Indirect capture
We now show, with the help of an example, that quite rapidly during the fouling process most of the particles cannot deposit using the direct capture mode. Here we consider only a given cross section of the pore. As mentioned above direct particle capture occurs mainly in the pore corners. Once a particle gets located in that place, it modifies the flow field around it (grey zone in Fig. 10A with a diameter equal to 2.5D). This means that at the moment any incident particle enters partially or completely in the grey zone, its trajectory will be modified by the immobile particle in the corner. In practice more than half of the particles that flow through the cross section will interact hydrodynamically with this immobile one. This has also a strong impact on where direct capture can occur once a particle is deposited. For instance, direct capture of two particles is impossible on the same lateral side of the pore, since the channel height is only equal to 3D (Fig. 10A) . Therefore, a second direct capture is only possible on opposite lateral sides, as illustrated in Fig. 10B -C. Then almost any incident particle will experience hydrodynamic interactions from the deposited ones and will therefore have its trajectory modified. The only configuration allowing a third direct capture is when the first two are both on the same horizontal wall, either the roof or the floor as in Fig. 10C . This example is qualitative but it clearly shows that from the very beginning of the experiment, after the deposition of two particles in a given cross-sectional plane, the vast majority of the particle captures will be indirect, i.e., involve hydrodynamic interactions (HI) with static particles. Therefore, directlycaptured particles act as sort of 'nucleation nodes' from which further particle accumulation takes place. In the following we focus on the Fig. 9 . A-Scheme of the three different zones of particle direct deposition onto the walls of the pore. Particles can deposit on corners (green area), horizontal plates (blue areas) or on side walls. (orange area). B-Proportion of the captured particles in each of these zones. C-Distribution of the positions of the particles captured directly by the pore walls from the pore entrance L, scaled by the particle diameter D (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). Fig. 10 . A-Cross section of a pore when a particle is captured in one corner (green). The grey quarter of circle, with a radius equal to 2.5D, corresponds to the range of hydrodynamic interaction (HI) created by the captured particle. Top and bottom right corners are the only eligible corners for direct capture positions (blue circles). A particle in the top left corner (yellow circle) would experience HI from the captured one, as would all incident particles within the grey zone, and would have their trajectory modified. B and C-Hydrodynamic influence of two particles captured on corners on opposite sides of the pore. We clearly see that it is only when both captured particles are on the same horizontal wall that incident particles can flow through the pore without experiencing HI from the already captured particles (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
consequences of these HI on the particle capture mechanism.
We report in Fig. 11A the distance between a new deposited particle and the closest immobile one in the pore for the overall building-up of the clog, irrespective of the position of the immobile particle on the pore surface. We define two categories of deposited particles with respect to the surface to surface interparticle distance d (Fig. 11B) . If the new deposited particle gets in contact (d ≈ 0) with the immobile one, they form a "true" aggregate. As long as d is smaller than D, they can be considered as forming an "effective" aggregate in the sense that no other particle can be captured thereafter between them. True and effective aggregates correspond to the purple particles in Fig. 11 . Particles may also be captured at a distance greater than D to their closest neighbor, having nonetheless experienced its HI (yellow and green full circles in Fig. 11 ). We observed that newly captured particles quasisystematically lie in the vicinity of other still ones, at a distance smaller than a particle diameter (inside the purple circle in Fig. 11A) . Indeed, in all our experiments, only 8 particles out of a total of 170 captured, were deposited at a distance greater than D (yellow and green particles in Fig. 11A ). We thus conclude that, even though we deal with colloidal particles, they cannot have a stable position under flow if they have only one contact with the surface. Most of the time particles with more than two contacts, with either particles or pore walls, do not move once they get captured. In contrast, we observed that few particles that have only one contact may detach from the surface, or they roll very slowly on the surface, typically at few tenth of a micron per minute. Since here we image successively several pores we cannot capture properly these slow rolling motions. We are also unable to observe in real time the particle detachment since it requires the use of a high speed camera [10] , typically operating at several thousand frames per second. Nonetheless, it is worth mentioning that these slow rolling motions were rarely observed and we therefore assume they do not influence the clogging scenario significantly. They actually seem more frequent in quasi-2d pores [10] . Few particles (yellow ones) can be deposited up to 4D downstream from the immobile particle (Fig. 11A) . They undergo indirect deposition without forming an aggregate and are captured on the sides of the pore but not on the corners (yellow circles in Fig. 11B , right side and middle panel). They can also be captured as a result of some imperfections of the pore surface, as mentioned in the previous section. More experiments are needed to characterize this specific indirect deposition mode. Finally, a particle stuck in a corner can also create two local asymmetric constrictions, one on each of the sides which this particle is in contact with. As a result some of the fluid streamlines around the static particle (black full circle) are deviated towards the walls (scheme in the top right corner of Fig. 11B ). When a particle (green one) flows in the vicinity of the immobile particle it will follow one of these streamlines, move towards the opposite wall where it can eventually get captured. To sum up, with the help of a simple criterion based on the distance d between particle surfaces, defined in Fig. 11 , we can divide all the particles deposited on the pore walls after the very first ones (direct capture) into three categories, indirect, effective or contact aggregates.
We have also determined the coordination number, i.e., the number of neighbors that are in true contact with a given particle, of all the particles belonging to this first layer. Note that this coordination number include the contact between the particle and the pore surface. We report in Fig. 12A the distribution of coordination numbers, showing the relative contribution of the three categories defined above. Only 3% of the total number of particles, a population that corresponds to indirect deposition, were isolated at the time they get captured. These are in contact only with one of the lateral sides. All the other particles (97%) participate in an aggregate, either true or effective: 34% form true (contact) aggregates, while the remaining 63% form effective aggregates in contact with one or two particles. Therefore, it seems that particle capture in the close vicinity of another one, or near an aggregate, favors the subsequent capture of other flowing individuals.
It is also worth noting that particles captured by aggregates Fig. 11 . A-Distance of deposition downstream from the static particle in the flow direction (y) vs. the distance in zx plane, perpendicular to the flow. The black area is the location of the particle already attached on the pore walls. The area delimited by the purple circle corresponds to the aggregation zone where final distances d between the two particles, in both planes (zx and zy), are smaller than D. Some particles will deposit further away from the static particle (yellow and green points). B-Characteristics of the deposition of a newly captured particle (purple, yellow or green particles) on to the pore walls after its interaction with the closest particle already deposited on the pore surface (the black particle). Purple particles are captured at a distance smaller than D, forming either a true (contact) or an effective aggregate. Some particles will deposit further away from the static particle (yellow and green). Yellow ones correspond to particles being deposited after crossing an immobile particle but at a distance greater than D (middle scheme on the right). Green particles get attached on the same lateral side and the opposite corner (top right corner scheme). Such particles experience a local constriction along the channel height due to the immobile particle in the opposite corner (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
generally deposit downstream. In this way, the first layer of particles progressively invades the pore, from its entrance, as shown in Figs. 8 and 13. We have plotted in Fig. 12B the distribution of the deposition length from the pore entrance for all the particles that have undergone an indirect capture. We clearly see that although most of the particles are located in close proximity of the pore entrance, i.e., for L/D < 3, some of them deposit further downstream up to L/D = 7 in the flow direction during the progressive growth of the fouling layer. This means that the reduction of the pore cross section due to particle accumulation should be mostly reduced near the pore entrance, for L/D < 3, leading to the final obstruction of the pore there. This is confirmed in the four examples of pores clogged in Fig. 7 (bottom).
C-Second layer
As the pore gets partially clogged by the first layer, particles start depositing on this layer and therefore have no contact with the pore surface. Four examples are shown in Fig. 13A . The four sides of the pore do not have to be fully covered for this second layer deposition to start. From the examples in Fig. 13 we can see that particles do not get stuck where the cross section is the narrowest but can be captured anywhere within the pore. As soon as two to three particles cover the pore surface locally, in such a way that no other particle can be lodged within the remaining place on the pore surface, between them, then a particle may deposit on top of the other individuals. We also measured the number of contacts of these second-layer particles (Fig. 13B) . The contact number is between one and four. Contrary to the first layer 35% of the particles are in contact with only one neighbor. We do not know if those particles remain permanently in contact or if later on they are detached by the flow; the particle deposition is quite fast at the end of the clogging process and does not allow us to monitor such dynamics. Indeed, several particles get captured at the same time and we cannot track the position of each particle unambiguously.
Colloidal aggregate growth: toward complete pore clogging
Figs. 11 and 12 show that the progressive clogging of the pore corresponds to the growth of aggregates since almost all the particles that are captured within the pore deposit near already captured Fig. 12 . A-Distribution of the number of contacts for the particles belonging to the first layer in all the considered pores. The definition of each category is in Fig. 11B . These numbers do not include the contact with the pore surface. B-Distribution of the deposition lengths from the pore entrance for particles having interacted with a deposited particle or an aggregate. The (red) line is a log-normal fit of the data peaked around 2.1 L/D (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). Fig. 13 . A-Partial fouling of four pores at the moment when the deposition on the second layer starts (red sphere). The green particles are those belonging to the first layer, in contact with the pore walls. The blue lines connecting red and green particles correspond to the direct contacts of this particle with its first layer neighbor. For each experiment, we have represented a projection of all particles in a cross--sectional view (left), and a 3d view of the partial clog (right) in which the flow goes from the right to left. BDistribution of the coordination numbers of particles deposited in the second layer (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
particles. Overall, static particles within the pore act as "attractors" for the others which flow in their vicinity. We identified the different aggregates and characterized their individual growth over time. In each of the clogged pores we studied, there are two to four aggregates, at most, that grow at the same time and rapidly merge as they clog the pore. A typical clog formation is shown in Fig. 14 , which corresponds to the deposition curve shown in Fig. 8B . The particles are color-coded according to the aggregate they belong to; isolated particles are represented in blue. At the beginning of the pore filling (image 1), two isolated particles are deposited on the right lateral wall while a first aggregate forms on the opposite wall (purple particles). The aggregate grows (image 2) until it catches one of the isolated particles (image 3). As a direct illustration of the role of aggregates mentioned above, most of the newly captured particles participate in the growth of this aggregate during the build-up of the clog. In parallel, a second aggregate (pink particles) also starts to grow (image 4), as a result of the capture of a flowing particle in the vicinity of the remaining isolated particle, deposited right at the beginning of the experiment. The first aggregate, as it grows, ends up merging with this second aggregate (image 5). This growth also favors the deposition of particles on top of the first particle layer. The capture rate thus starts increasing as observed in Fig. 8B , as the main (and now sole) aggregate spreads all over the pore cross section and thereby increasingly obstructs to the incident particles (image 6).
Discussion
In this work we investigate the fouling process at the particle level within a model filter. We focus on an intermediate degree of confinement W/D for which, in principle, very few particles are required to block the pore [4] . In this approach, a particle gets captured and then reduces locally the cross section of the pore, which in turn increases the probability to capture another particle at the same place, thereby further reducing the cross section. Following this deposition process, only between seven and twelve particles would be needed to block a given section of the pore. Here we have observed that the actual number of particles needed is in fact in the range of 20-50 (Fig. 8) because the particle deposition spreads along the pore, which obviously requires more objects than if the capture occurred in a single cross-sectional plane. Fig. 8 also shows that the successive captures do not modify the kinetics of pore fouling in a given regime, which means that the local reduction of the cross section does not result in an increase of particle capture. Surprisingly we decorate progressively the pore walls with a constant deposition rate. This means that the increase (decrease) of the hydrodynamic resistance (average flow rate) of the partially fouled pore does not impact the capture probability. We showed that this type of fouling relies on aggregates growth. From almost the very beginning of the deposition process, particles predominantly get captured really close to (d < D), if not in contact of, those already captured. These aggregates first grow on the pore surface, mostly along the flow direction. This growth corresponds to the first step of the pore-scale deposition dynamics (Fig. 8) . Later aggregates also grow toward the pore center, i.e., particles deposit on top of each other, which manifests at the pore scale by a faster deposition dynamics (second step). Note that during this second step the aggregate also keeps growing along the pore surface (Fig. 14, images 5 and 6) .
The particle deposition process is related to the particle and pore surface properties, i.e., the DLVO interaction potentials between particles and the pore surface. When using PS particles (life Technology) with a lower surface charge (zeta potential equal to −35 mV) and a stronger van der Waals attraction compared to the PMMA considered here, we observed quantitatively different deposition patterns [5] . Here pore blocking still relies on the growth of few aggregates that eventually merge and completely obstruct the pore, the aggregates spread much less on the pore surface before merging with other aggregates and blocking the pore. The length of the first layer of particles in contact with the pore surface is roughly equal to 1.4 W, while it is closer to 2.5 W with PMMA particles, for similar degrees of confinement and deposition regimes. In addition the average number of particles that have to pass through the pore prior clogging is three orders of Fig. 14. 3D images of the clog buildup corresponding to the deposition curve in Fig. 8B . In each image, blue particles are isolated, while pink and purples ones belong to two different aggregates. The arrow indicates the flow direction (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). magnitude higher for PMMA particles compared to PS ones; increasing the salinity of the suspension significantly reduces this number. Intuitively, particles with a lower surface charge and/or a stronger adhesion form clogs more rapidly as the aggregates are more stable [28] , and fewer particles are required to block the pore. However, from these experiments with PS and PMMA particles we cannot determine respectively the influence of each part of the DLVO potential. We conjecture that, on the one hand, the high surface charge of PMMA particles favors 2d aggregation along the PDMS pore surface, which is far less charged [32] , rather than on already deposited particles. On the other hand, the weak interparticle and particle-pore van der Waals attractions globally reduces the stable particle deposition. This weaker adhesion compared to PS is even more reduced by the nearly refractive index matching that is required to image the structure of the clog at the particle level [33] . At the very beginning of the pore clogging the vast majority of the particles are captured in pore corners (Fig. 9a-c) , where the adhesion is the strongest since particles are in contact with two pore surfaces, and where the flow intensity is the lowest. Some particles may be captured temporarily in other parts of the pore (lateral, top and bottom walls, Fig. 9c ) but the flow rapidly wipes them off the pore surface. We managed to observe such a deposition-release event in Fig. 7 where a particle adheres on top of a static particle (red particle in image 4) and is then released (absent in image 5). A static particle on the pore surface can also be detached when a flowing particle passes by in its close vicinity. In a typical experiment, each pore is imaged by the confocal microscope every 30 s and between two consecutive image stacks of the same pore, typically a 100-500 particles have flowed through it, of which only one or two get captured on average. It thus is reasonable to consider that a greater part of these flowing particles also come closer to the pore walls/aggregates and thus could be as least transiently captured. This fast dynamics of capture and release is not accessible by our imaging technique since these events, which last around 100 µs, would require an imaging system able to acquire images at a frame rate between 5000 and 10,000 frames per second [10] . We conclude that 3d imaging with a confocal microscope only records the particles that are the most stable under flow over time, i.e., those which have a sufficiently strong contact interaction with either the pore surface or the other static particles. This remains true throughout the whole clog formation process.
The present work is restricted to only one type of particle, suspending liquid and pore wall, but it would be really valuable to extend the investigation systematically by using a wide range of DLVO parameters and coupling them with different flow conditions. Undoubtedly the monitoring of the progressive clog formation at the particle level could be done with many other types of colloidal particles commonly used in industry (ie silica, CaCO 3 , microgels [6] , protein aggregates….) as long as we use a fluorescent dye within these particles and have a slight mismatch between the refractive index of the particles and that of the suspending liquid, allowing the use of confocal imaging. In the present study this mismatch is around 0.06 and this value allows us to determine precisely the position of particle center for a maximum seven particles up to a layer of 3 particles thick. In stronger confinement conditions (lower ratio W/D), with a pore height not greater than three particle layers, slightly higher refractive index mismatches could still allow the quantitative imaging of other types of colloids.
Recently, advanced simulations have tackled the issue of clogging at the pore scale [31, [34] [35] [36] . Even though they take a great care of the hydrodynamics of particle capture as well as the DLVO forces, they do not feature deposition patterns similar to those observed in this work. Even in the simplest case restricted to particle deposition on the pore surface, these numerical works neither provide an accurate deposition rates nor realistic spatial positioning of the particles on the surface. For example Agbangla et al. [31] and Trofa et. al. [36] need to "clue" particles on the pore surface, making sure that there is a uniform spatial distribution of the particles all along the pore surface, before running their pore clogging simulations. Very recently, Lohaus et al. [34] used a coupled CFD-DEM with a more accurate description of the DLVO forces but they neglected the particle capture on top and bottom walls, focusing only on the laterals walls. The particle volume fraction they obtained on the laterals walls, corresponding to the random close packing of particles, thus seems excessively high compared to our experiments. This difference is however not totally surprising since they also used different flow conditions and DLVO parameters. Interestingly, Trofa et. al. [36] included the coupling between the aggregate growth from a pore wall and the fluid around it, which is able to break some parts of the growing aggregate. They observed that large fragments of the aggregates, which involve tens of particles, can be detached by the flow. In contrast, in our experiments, where the adhesion of a particle either with the wall or with other particles is rather weak and where the shear rate is greater than in this numerical study, only one particle at a time can be detached from the growing aggregate, and such event remains rare (Figs. 7 and 8 ). This suggests that the choice of the adhesion condition between particles in numerical simulations has a dramatic impact on the aggregate growth, as was actually pointed out by Trofa et al. [36] . In the future extensive numerical studies of a single pore clogging by colloidal particles should be performed by varying systematically the parameters of colloidal interaction potentials (particleparticle and the particle-wall) to better elucidate this influence. These results then have to be compared to experimental work done under the exact same conditions, for which we are now able to provide the structural features of the fouling layers at the particle level, following the methodology proposed in this paper.
In a more general point of view, we showed that using a devoted setup and advanced image analysis greatly helps to understand structural aspects of the fouling of model membranes (microfluidic channels or microsieves), and even industrial membranes. To this end, one needs to ensure a reasonably small index mismatch between the fluid, the membrane and the particles. In such conditions, Skaug and Schwartz [37, 38] determined the dynamics of 40 nm PS nanoparticles within a membrane of glass fiber and nitrocellulose. Following this strategy we may also locate where the fouling takes place, i.e. at the top or within the pore of a given membrane. In the same vein, we may also look at the early formation of the cake on top of a membrane, either in dead-end or in cross-flow conditions, corresponding to the accumulation of several layers of particles. As we have shown in this work we can image, in principle, through these layers and determine the structure and the local permeability of the cake in various flow and physico-chemical conditions. More importantly, the stability under flow of this cake can be investigated, in order to assess the membrane cleaning process by back wash for instance. It is indeed rather easy to increase gradually the flow rate in order to wipe off some particles or aggregates on top of the cake. For all the imposed flow conditions we could thus effectively determine at the particle level how the cake is eroded by the flow and the size distribution of the detached aggregates.
Conclusion
We carried out experimental studies of the fouling process within a single pore by colloidal particles using a high speed confocal microscope. Thanks to this technique we determined for the first time the different steps of the progressive fouling process at the pore and at the particle scales. At the very beginning of the process, isolated particles are captured by the pore walls at the pore corners, which are the most stable places against flow. Quite rapidly the deposition of new particles is strongly conditioned by those that are already deposited. Particles get captured quasi-systematically near an immobile one or near an aggregate. We observed that only 2-4 isolated aggregates form inside the pore, which first grow independently, and thereafter merge. Due to the high surface charge of the colloidal particles these aggregates first grow along the flow direction before also growing towards the pore center which eventually block the pore completely. Beyond this basic scenario, more work is needed to understand the general aggregation processes of colloidal particles in confined environments. The methodology we developed, based on confocal imaging of fluorescent particles and image analysis to get the precise position of individual particles as the pore gets progressively fouled, could in principle be generalized to investigate in a systematic way the membrane clogging by various types of colloidal particles within the limit of high confinement. These experiments could also be used as a benchmark for theoretical and numerical modeling of the different physical processes at play in the fouling process.
